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(54) Piezoelectric resonator 

(57) A piezoelectric resonator using a thickness 
extensional vibration mode, comprises a vibrator por- 
tion (1 0a) made up of two or more layers of piezoelectric 
thin-films (1, 2, n) where the piezoelectric thin-films 
(1, 2, .... n) and a plurality of insulating thin films (12) are 



alternately laminated. An alternating voltage is inde- 
pendently applied to each layer of the piezoelectric thin- 
films (1, .... n) for a higher-order vibration mode to be 
dominantly excited. 



FIG. 3 
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Description 

BACKGROUND OF THE INVENTION 

5 L Field of the Invention 

[0001] The present invention relates to a multilayer piezoelectric resonator making use of a higher-order vibration 
mode which is to be used, for example, in an oscillator, filter, etc. 

w 2. Description of the Related Art 

[0002] A conventional piezoelectric resonator 40 using a thickness extensional vibration mode is shown in Fig. 1. 
In this piezoelectric resonator, a vibrator portion 40a is formed by a piezoelectric thin-film layer 21 (having thin-film elec- 
trodes e1 and e2 laminated on opposite sides of a piezoelectric thin film 21a) and an insulating thin film layer 22. 

75 Another conventional piezoelectric resonator is shown in Fig. 2. In this resonator 50, a vibrator portion 50a is formed by 
laminating an insulating thin film layer 22, a piezoelectric thin-film layer 21 , and an insulating thin film layer 22. As used 
herein, the term "thin-film" refers to films having a thickness in the range of about 0.01 to 100|iim. 
[0003] In the conventional piezoelectric resonators 40 and 50, large electromechanical coupling coefficients are 
obtained only in the relatively lower-order vibration modes such as the fundamental mode, second mode(second har- 

20 monic mode), etc. of the thickness extensional vibration mode. Therefore, when high resonance frequencies are 
desired, the thickness of the vibrator portions 40a and 50a must be reduced because the resonance frequencies are 
inversely proportional to the thickness of the vibrator portions 40a and 50a. For example, in the piezoelectric resonator 
40 of Fig. 1, when zinc oxide (ZnO) is used for the piezoelectric thin film 21a, the thickness of the vibrator portion 40a 
must be made as thin as about 4.7 uxn in order to realize a resonance frequency of 650 MHz. As a result, the mechan- 

25 ical strength of the vibrator portion 40a decreases and the vibrator portion 40a becomes easily damaged. Further, in 
the conventional piezoelectric resonators 40 and 50, because the ratio of the thickness of the thin-film electrodes e2 
and e2 to the thickness of the vibrator portions 40a and 50a increases, there is also a problem that the damping is 
increased and the mechanical Q of the resonance is reduced. 

30 SUMMARY OF THE INVENTION 

[0004] The present invention provides a piezoelectric resonator which can effectively operate in a higher-order 
vibration mode with a high resonance frequency while maintaining the mechanical strength of the vibrator portion. 
[0005] According to a first aspect of the invention, a piezoelectric resonator using a thickness extensional vibration 
35 mode comprises a vibrator portion made up of n layers of piezoelectric thin-film, n being an integer greater of equal to 
2, each of the piezoelectric thin-film layers being separated by a respective insulating thin-film layer, the distance d of 
the nth piezoelectric thin-film layer from a first side of the vibrator portion, being determined by the formula 

d = t(2m- 1)/2n 

40 

wherein t is the thickness of the vibrator portion and m is an integer less than or equal to n. 

[0006] According to a second aspect of the invention, the piezoelectric resonator is used in conjunction with a volt- 
age source, the combination comprising: 

45 a piezoelectric resonator using a thickness extensional vibration mode, the piezoelectric resonator comprising a 

vibrator portion made up of n layers of piezoelectric thin-film, n being an integer greater of equal to 2, each of the 
piezoelectric thin-film layers being separated by a respective insulating thin-film layer; and 

a voltage source for applying alternating voltages to the piezoelectric resonator in such a manner that the predom- 
inant vibration mode excited in the piezoelectric resonator is a higher-order vibration mode. 

50 

[0007] According to a third aspect of the invention, the invention comprises a method for exciting a piezoelectric 
resonator in a thickness extensional vibration mode, the piezoelectric resonator comprising a vibrator portion made up 
of n layers of piezoelectric thin-film, n being an integer greater of equal to 2, each of the piezoelectric thin-film layers 
being separated by a respective insulating thin-film layer, the method comprising: 

55 

applying alternating voltages to the piezoelectric thin film layers in such a manner that the predominant vibration 
mode excited in the piezoelectric resonator. 
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[0008] In ait three aspects of the invention, the vibrator portion preferably has a thickness t equal to half the first 
(basic) resonance wavelength of a thickness extensional vibration mode of the resonator. The resonator is excited in a 
nth (second or higher) higher-order vibration mode by applying appropriate alternating voltages to the piezoelectric thin- 
film layer. Particularly, the alternating voltages are applied in such a manner that the vibrations induced in adjacent pie- 
5 zoelectric thin-film layers are opposite in phase. This can be done, for example, by applying alternating voltages of 
opposite phase to the adjacent piezoelectric thin-film layers when the polarization direction of those layers is the same. 
Alternatively, alternating voltages of the same phase can be applied to adjacent piezoelectric thin film layers when the 
polarization direction of those layers is opposite to one another. 

[0009] Each of the piezoelectric thin-film layers is preferably formed at a respective nodal point of the nth higher- 
w order vibration mode. As a result, the first (basic) vibration mode or lower-order vibration modes lower than the nth 
mode disappear or attenuate by canceling each other due to the interference of opposite phase mechanical vibrations 
of the piezoelectric thin-film layers, and only the nth higher-order vibration mode is predominantly excited. As a result, 
the electromechanical coupling coefficient of the piezoelectric resonator is large and a sharp resonance curve can be 
obtained. 

15 [0010] Further, because the thickness t of vibrator portion) is equal to one half of the resonance wavelength of the 
basic vibration mode, high resonance frequencies of short wavelengths can be obtained for a given thickness of the 
vibrator portion. This makes it possible to produce vibrations having higher frequencies without degrading the strength 
of the vibrator portion. 

[0011] The piezoelectric thin-films and insulating thin film layers are preferably composed of materials where the 
20 temperature coefficient of the elastic constants is of opposite sign. As a result, the temperature coefficient of the elastic 
constants of the piezoelectric thin-film layers and insulating thin film layers offset one another thereby stabilizing the 
frequency-temperature characteristics of the piezoelectric portion. 

[001 2] For the purpose of illustrating the invention, there is shown in the drawings several forms which are presently 
preferred, it being understood, however, that the invention is not limited to the precise arrangements and instrumental- 
25 ities shown. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] 

30 

Fig. 1 shows the construction of a conventional piezoelectric resonator. 

Fig. 2 shows the construction of another conventional piezoelectric resonator. 

Fig. 3 is a longitudinal sectional view of the construction of a piezoelectric resonator of an embodiment of the 
present invention. 

35 Fig. 4 is an expanded longitudinal sectional view of the vibrator portion of the piezoelectric resonator shown in Fig. 

3, 

Fig. 5 shows the relationship between the nodal points of multilayer piezoelectric resonators and the arrangement 
of piezoelectric thin-films. 

Fig. 6 is a longitudinal sectional view of the construction of the vibrator portion of a piezoelectric resonator accord - 
40 ing to a comparative example in which electric fields in the same direction are applied to a two piezoelectric thin- 

film layer construction. 

Fig. 7 shows the state of the displacement in the case where voltages of the same phase are applied to the piezo- 
electric thin -film layers of the piezoelectric resonator shown in Fig. 6. 
Fig. 8 shows the phase characteristic of the piezoelectric resonator shown in Fig. 6. 
45 Fig. 9 is a longitudinal sectional view of the construction of the vibrator portion of a piezoelectric resonator accord- 

ing to a first specific example of the present invention, in which electric fields of opposite direction are applied to the 
two piezoelectric thin-film layers. 

Fig. 1 0 shows the state of the displacement in the case where voltages of the opposite direction are applied to the 
piezoelectric thin-films of the piezoelectric resonator shown in Fig. 9. 
50 Fig. 1 1 shows the phase characteristic of the piezoelectric resonator shown in Fig. 9. 

Fig. 12 is a longitudinal sectional view of the construction of the vibrator portion of the piezoelectric resonator 
according to a second specific example of the present invention, in which electric fields in opposite direction are 
applied to adjacent piezoelectric thin-film layers of a resonator having a three-layer construction. 
Fig. 13 shows the phase characteristic of the piezoelectric resonator shown in Fig. 12. 

55 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

[001 4] A piezoelectric resonator 1 0 of an embodiment of the present invention is described with reference to Fig. 3. 
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In this embodiment, a silicon supporting substrate 1 1 has n + 1 layers (n being an integer greater than or equal to 2) of 
silicon oxide (Si0 2 ) film 12 and n layers of piezoelectric thin-film 1 through n formed thereon. Thin-film electrodes e1 
and e2 are formed respectively on opposite surfaces of each piezoelectric thin-film layer. Once the layers of thin films 
have been formed on substrate 1 1 , a hole 11 a is formed in the substrate. 
5 [0015] The piezoelectric resonator 10 of this multilayer construction is preferably formed by appropriately using 
thin-film deposition techniques such as sputtering, chemical vapor deposition, vacuum evaporation, etc. and photo 
etching techniques. The process is initiated by providing a silicon substrate (a master substrate formed of the support- 
ing material 1 1). An insulating thin film 12 is deposited on the top surface of the substrate 11. An electrode thin film such 
as copper, aluminum, gold/chromium, etc. is then deposited on that layer to form a thin-film electrode e1 of an appro- 
ve priate shape. A piezoelectric thin film composed of piezoelectric materials such as zinc oxide (ZnO), lead titanate zir- 
conate, etc. is deposited on the electrode e1 and the exposed portion of the lower insulating thin film 12. An electrode 
thin film is deposited on the piezoelectric thin film and is appropriately patterned to form a thin-film electrode e2. In the 
central portion of the piezoelectric thin film, the thin-film electrode e1 (as a lower-layer) and the thin-film electrode e2 
(as an upper-layer) overlap one another through the piezoelectric thin film so as to form a piezoelectric thin-film layer 1 . 
15 This process is repeated for each of the n piezoelectric thin-film layers so that a multilayer construction composed of (n 
+ 1 ) layers of insulating thin films 12 and n layers of piezoelectric thin-films is formed. Each layer of piezoelectric thin- 
film layers is insulated from its neighboring piezoelectric thin-film layer by the insulating thin film layer 12 located 
between them. The hole 11a is formed by through-etching the central portion of the silicon substrate support 11. 
Because of the presence of this hole 1 1 a, the portion where each layer of the thin-film electrodes e1 and e2 overlie one 
20 upon another constitutes a vibration portion 10a. Furthermore, the thin-film electrodes e1 and e2 of each layer extend 
to the outer periphery of the piezoelectric resonator 10, although this is not illustrated. 

[0016] The preferred arrangement of the piezoelectric thin-films 1 through n is determined as shown in Fig. 4. The 
vibrator portion 1 0a is made to vibrate at an n th higher-order mode and is made up of n piezoelectric thin-film layers 1 
through n. Each piezoelectric thin-film layer is located at a respective distance d from one side (the lower side in Fig. 1) 
25 of the vibrator portion 1 0a as measured in the thickness direction thereof. Distance d is given by the following formula, 
and corresponds to the nodal point of the nth vibration of the piezoelectric resonator or its vicinity: 

d = t (2m- 1)/2n 

30 where t represents a thickness of vibrator portion 1 0a, m is an integer indicating the sequential number of the piezoe- 
lectric thin film at issue, m < n (i.e., rn= 1 , 2, 3, .... n), and n > 2. 

[0017] In accordance with this formula, the center of the first piezoelectric thin-film layer 1 is located at a distance 
d = t/2n (m = 1) from the bottom of vibrator portion 10a. The second piezoelectric thin-film 2 is located at a distance 
d = 3t/2n (m = 2) from the bottom of vibrator portion 1 0a. The n th piezoelectric thin-film n is located at a distance 
35 d = t(2n - 1 )/2n (m = n). 

[0018] Neighboring piezoelectric thin-film layers 1 through n are preferably arranged so that the orientation axis (the 
C axis) is in the thickness direction of the vibrator portion 10a when the piezoelectric materials zinc oxide. In the case 
of lead titanate zirconate, etc., the polarization direction is made in the thickness direction. 

[0019] The polarization directions of adjacent piezoelectric thin-film layers 1 through n are selected such that they 
40 are polarized either in the same direction or in opposite directions from one another. In the case where adjacent piezo- 
electric thin-film layers 1 through n are polarized in the same direction, voltages are applied to adjacent piezoelectric 
thin-films 1 through n with opposite phases as each other. In the case where adjacent piezoelectric thin-films 1 through 
n are polarized in the opposite direction, voltages are applied to adjacent piezoelectric thin-films 1 through n with the 
same phase as each other. In both cases, the adjacent piezoelectric thin-films 1 through n are excited in opposite 
45 phases. 

[0020] It is desirable to use materials for the piezoelectric thin-films which have temperature coefficient of the elas- 
tic constant which are opposite to one another. For example, different materials of positive and negative temperature 
coefficients as in a group of ZnO (- 161 ppm/°C, LiNb0 3 (- 153 ppm/°C), and quartz (- 188 ppm/°C) on the one hand 
and a group of Si0 2 (+ 239 ppm/°C) and A1N(+ 100 ppm/°C) on the other. By doing so, the temperature characteristics 

so of the frequency of the piezoelectric resonator is stabilized. 

[0021] When the piezoelectric resonator is made to, as shown in Fig. 4, the resonator is excited at a nth mode by 
applying voltages to the piezoelectric thin-films 1 through n as explained above. Thus, by arranging the piezoelectric 
thin-film layers 1 through n at the nodal points of the vibration and exciting the neighboring piezoelectric thin-film layers 
1 through n in opposite phase, it is possible to increase the electromechanical coupling coefficient at the nth higher- 

55 order vibration mode and strongly excite the nth higher-order vibration mode. 

[0022] Fig. 5 shows simulated waveforms of the piezoelectric resonator (determined by a basic piezoelectric for- 
mula) when the multilayer piezoelectric thin-films are spaced in accordance with the above formula [d = t(2m - 1)/2n j. 
As can be seen from this graph, the location of each piezoelectric thin-film layer is close to the nodal points of the sim- 
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ulation waveform. Waveform A shows the first (basic) vibration mode of a conventional piezoelectric resonator com- 
posed of one layer of piezoelectric thin-film 1 . Waveforms B through E show the second through fifth higher-order 
vibration modes in the piezoelectric resonator according to the present invention where voltages of opposite phase are 
applied to the neighboring piezoelectric thin-films 1 through n. In these cases, the thickness of the vibrator portion is set 
5 to be half of the resonance wavelength 2 of the first(basic) vibration mode. 

[0023] The following Table shows the locations of the piezoelectric thin-film layers 1 through 5 arranged according 
to the above formula, the nodal points given by the simulation shown in Fig. 5, and the absolute difference between 
these locations, and it is understood that the locations of the piezoelectric thin-films 1 through 5 given by the above for- 
mula conform with a very little difference to the nodal points. 

10 



Table 



15 



20 



25 



30 



Order 


Formula 


Calculation 


Absolute Difference 


First order 


5 


5.4 


0.4 


Second order 


2.5 


2.43 


0.07 




7.5 


7.15 


0.35 


Third order 


1 . / 


1.6 


0.1 




5 


4.52 


0.48 




8.3 


7.86 


0.44 


Fourth order 


1.25 


1.25 


0 




3.75 


3.54 


0.21 




6.25 


5.91 


0.34 




8.75 


8.4 


0.35 


Fifth order 


1 


0.97 


0.03 




3 


3 


0 




5 


5.02 


0.02 




7 


7.02 


0.02 




9 


9.03 


0.03 



[0024] Hereinafter, more specific examples of the present invention will be described. 

[0025] Figs. 6 and 9 show two piezoelectric resonators 20 having the same structure. However, the piezoelectric 
ao resonator 20 shown in Fig. 6 is driven so that the adjacent piezoelectric thin film layers are excited with the same phase, 
thereby constituting a comparative example. The piezoelectric resonator 20 shown in Fig. 9 is driven so that the adja- 
cent piezoelectric thin film layers are excited with opposite in accordance with the preferred embodiments of the present 
invention. 

[0026] In both cases, the vibrator portion 20a of this piezoelectric resonator 20 is composed of two layers of piezo- 
45 electric thin-films 1a and 2a and three layers of insulating thin films 13 which are alternately laminated to one another. 
ZnO is used for the piezoelectric thin-films 1a and 2a t and SiO a is used for the insulating thin films 12. The both of the 
ZnO layers have an orientation axis in the thickness direction of the piezoelectric vibrator portion. 
[0027] The thickness of the vibrator portion is 10 \xm. The thickness of each of the piezoelectric thin-film layers 1a 
and 2a is 3 um The thickness of each of the insulating thin film layers 13 is 4/3 \xm. The first piezoelectric thin-film layer 
so 1a is located at a distance d = 10/4 (= 2.5) |im from the lower surface according to formula d = t(2m - 1)/2n , and the 
second piezoelectric thin-film layer 2a is located at a distance d = 30/4 (= 7.5) um from the lower surface. 
[0028] In the piezoelectric resonator 20 having such a construction, when an electric field of the same direction 
(same phase) as shown by the arrows is applied to the piezoelectric thin-film layers 1 a and 2a, the vibration generated 
at the piezoelectric thin-film layer 1 a is propagated in the direction of the solid arrow toward the piezoelectric thin-film 
55 layer 2a along the excitation cosine curve shown by the solid line. Further, the vibration generated at the piezoelectric 
thin-film layer 2a is propagated in the direction of the broken line arrow toward the piezoelectric thin-film layer 1a along 
the excitation cosine curve shown in broken line. These two vibrations of opposite phase being propagated on the exci- 
tation cosine curves interfere with each other at the destination of the propagation, and at any location in the thickness 
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direction of the vibrator portion 20a the added excitation amplitude becomes zero as shown by a straight line b. In this 
way the second vibration modes of the piezoelectric thin-film layers 1 a and 1 b are canceled. Note that, in this case, the 
piezoelectric resonator vibrates under the fundamental vibration mode. 

[0029] A resonance of the fundamental (first) vibration mode occurs around 250 MHz as shown in Fig. 8. Because 
5 mechanical vibrations of opposite phase are generated by the piezoelectric thin-film layers 1 a and 2a in the second 
vibration mode, these vibrations cancel each other with the result that no response is brought around the frequency of 
the second vibration mode. 

[0030] Next, in a piezoelectric resonator 20 having the same construction as the piezoelectric resonator shown in 
Fig. 6, electric fields in opposite direction to each other are applied to the neighboring piezoelectric thin-film layers 1a 

10 and 2a as shown by the arrows in Fig. 9. In this case, as shown in Fig. 1 0, the vibration generated by the piezoelectric 
thin-film layer 1a is propagated in the direction of the piezoelectric thin-film layer 2a on the excitation cosine curve 
shown by an arrow of solid line, while the vibration generated at the piezoelectric thin-film layer 2a is propagated in the 
direction of the piezoelectric thin-film layer 1a on the excitation cosine curve shown by an arrow of broken line. These 
two vibrations of the same phase being propagated on the excitation cosine curve interfere with each other at the des- 

15 tination of propagation, and at any location in the thickness direction of the piezoelectric resonator the vibration ampli- 
tudes are added to become double as shown by a cosine curve c. Therefore, when voltages of opposite phase are 
applied to the piezoelectric thin-film layers 1a and 2a, the second vibration mode is strongly excited. However, in this 
case, the first vibration modes cancel each other to attenuate. 

[0031] As a result, a resonance characteristic as shown in Fig. 1 1 can be obtained. As shown in the Figure, a res- 
20 onance based on the second vibration mode occurs around 580 MHz. This resonance occurs because the mechanical 
vibrations of the piezoelectric thin-film layers 1 a and 2a become of the same phase and strengthen each other in the 
second vibration mode. In contrast, the responses due to the first vibration mode cancel each other to disappear or 
attenuate. 

[0032] It is believed that the reason why the second vibration mode of the above 580 MHz does not agree with dou- 
25 ble the basic (first) vibration mode of 250 MHz is due to a small difference in the velocity of sound of ZnO (6400 m/s) 
and Si0 2 (6000 m/s) and the multilayer construction. 

[0033] Next, a piezoelectric resonator 30 according to a third embodiment of the invention is explained with refer- 
ence to Fig. 12. The vibrator portion 30a of this piezoelectric resonator 30 is composed of three piezoelectric thin-film 
layers 1 b through 3b and four insulating thin film layers 14 which are alternately laminated to one another. ZnO is used 
30 for the piezoelectric thin films of the piezoelectric thin-film layers 1 b through 3b, and Si0 2 is used for the insulating thin 
film layers 1 4. The piezoelectric thin film layers (ZnO) of 1 b through 3b have their orientation axis in the thickness direc- 
tion. 

[0034] The thickness of the vibrator portion 30a is 10 u.m. The thickness of the piezoelectric thin-film layers 1b 
through 3b are each 2 urn. Each of the insulating thin film layers 14 is 1 urn. The first piezoelectric thin-film layer 1b is 
35 located at a distance of 10/6 urn from the lower surface of the vibrator section, according to the formula 
[d = t(2m - 1 )/2n ], the second the piezoelectric thin-film layer 2b is located at a distance of 30/6 um from the lower sur- 
face of the vibrator section, and the third piezoelectric thin-film layer 3b is located at a distance of 50/6 u,m from the 
lower surface of the vibrator section. 

[0035] In this piezoelectric resonator, when electric fields of opposite phase are applied to the neighboring piezoe- 
40 lectric thin-film layers 1 b through 3b, as shown by the arrow, a resonance of the third vibration mode occurs around 650 
MHz as shown in Fig. 13. The reason why the strong resonance occurs at the third mode is that because the piezoe- 
lectric thin-film layers 1b through 3b are arranged at the nodal points of the vibration in the thickness direction of the 
third mode and all of the mechanical vibrations of the piezoelectric thin-film layers 1b through 3b are of the same phase 
at the third mode to strengthen each other. In this third mode the electromechanical coupling coefficient increases and 
45 the electrical energy is most efficiently converted into the mechanical energy. In this case, the first vibration modes and 
second vibration modes cancel each other to disappear or attenuate. 

[0036] Furthermore, it is considered that the reason why the relationship of an even or odd multiple is not estab- 
lished between the frequency of the above first vibration mode and the frequency of the second vibration mode or third 
vibration mode is a composite construction of ZnO and Si0 2 and their different ratio of film thicknesses and velocity of 
so sound. 

[0037] While preferred embodiments of the invention have been disclosed, various modes of carrying out the prin- 
ciples disclosed herein are contemplated as being within the scope of the following claims. Therefore, it is understood 
that the scope of the invention is not to be limited except as otherwise set forth in the claims. 

55 Claims 

1. A piezoelectric resonator using a thickness extensional vibration mode, the piezoelectric resonator comprising a 
vibrator portion (10a; 20a; 30a) made up of n layers of piezoelectric thin-film (1 , 2, .... n; 1a, 2a; 1b, 2b, 3b), n being 
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an integer greater of equal to 2, each of the piezoelectric thin-film layers (1 n; la, 2a; lb - 3b) being separated 

by a respective insulating thin-film layer (12; 13; 14), the distance d of the nth piezoelectric thin-film layer (n) from 
a first side of the vibrator portion (10a; 20a; 30a), being determined by the formula 

5 d = t(2m-1)/2n 

wherein t is the thickness of the vibrator portion (10a; 20a; 30a) and m is an integer less than or equal to n. 

2. A piezoelectric resonator as claimed in claim 1 , wherein each of the piezoelectric thin-film layers (1 n; 1a, 2a; 

10 1b - 3b) comprises a generally planar piezoelectric thin-film having electrodes (e1, e2) formed on opposite sides 

thereof. 

3. A piezoelectric resonator as claimed in claim 2, wherein each of the piezoelectric thin-film layers (1 , n; 1a, 2a, 
1b - 3b) and each of the insulating thin-film layers (12; 13; 14) are generally planar and extend parallel to one 

15 another. 

4. A piezoelectric resonator as claimed in claim 2 or 3, wherein the piezoelectric thin-films (1, n; 1a, 2a; 1b - 3b) 
and the insulating thin film layers (12; 13; 14) are made up of materials having temperature coefficients of the elas- 
tic constant whose sign is opposite to one another. 

20 

5. A piezoelectric resonator as claimed in any of claims 1 to 4, wherein adjacent piezoelectric thin-film layers (1 , n; 
1a, 2a; 1b - 3b) are polarized in the same direction. 

6. A piezoelectric resonator as claimed in any of claims 1 to 4, wherein adjacent piezoelectric thin-films (1 , n; 1a, 
25 2a; 1b - 3b) are polarized in opposite directions. 

7. A piezoelectric resonator as claimed in claim 1 , wherein the thickness t is equal to one half of the wave length of 
the first resonance wavelength of the thickness extension vibration mode. 

30 8. The combination of a piezoelectric resonator and a voltage source, the combination comprising: 

a piezoelectric resonator using a thickness extensional vibration mode, the piezoelectric resonator comprising 
a vibrator portion (10a; 20a; 30a) made up of n layers of piezoelectric thin-film (1, n; la, 2a; 1b -3b), n being 
an integer greater of equal to 2, each of the piezoelectric thin-film layers (1, n; 1a, 2a; 1b - 3b) being sepa- 
35 rated by a respective insulating thin-film layer (12; 13; 14); and 

a voltage source for applying alternating voltages to the piezoelectric resonator in such a manner that the pre- 
dominant vibration mode excited in the piezoelectric resonator is a higher-order vibration mode. 

9. The combination according to claim 8, wherein the alternating voltages are independently applied to each of the 
40 piezoelectric thin-film layers (1, n; 1a, 2a; 1b - 3b). 

10. The combination of claim 8 or 9, wherein the higher-order vibration mode is the nth vibration mode. 

11. The combination of claim 10, wherein the distance d of the nth piezoelectric thin-film layer (n) from a first side of 
45 the vibrator portion (1 0a; 20a; 30a) is determined by the formula 

d = t(2rn- 1)/2n 

wherein t is the thickness of the vibrator portion (10a; 20a; 30a) and m is an integer less than or equal to n. 

50 

12. The combination of claim 11, wherein each of the piezoelectric thin-film layers (1, n; 1a, 2a; 1b - 3b) comprises 
a generally planar piezoelectric thin-film having electrodes (e1, e2) formed on opposite sides thereof. 

13. The combination of claim 12 wherein each of the piezoelectric thin-film layers (1 , .... n; 1a, 2a; 1b - 3b) and each of 
55 the insulating thin-film layers (12; 13; 14) are generally planar and extend parallel to one another. 

14. The combination of claim 13, wherein the piezoelectric thin-films (1, .... n; 1a, 2a; 1b - 3b) and the insulating thin 
film layers (12; 13; 14) are made up of materials having temperature coefficients of the elastic constant whose sign 
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15. The combination of any of claims 8 to 14, wherein adjacent piezoelectric thin-film layers (1, .... n; 1a, 2a; 1b - 3b) 
are polarized in the same direction and the voltage source applies alternating voltages of the opposite phase to 

5 adjacent piezoelectric thin-film layers (1 , n; la, 2a; 1b - 3b). 

16. The combination of any of claims 8 to 14 wherein adjacent piezoelectric thin-film layers (1 n; 1a, 2a; 1b - 3b) 

are polarized in opposite directions and the voltage source applies alternating voltages of the same phase to each 
of the piezoelectric thin-film layers (1, n; 1a, 2a; 1b - 3b). 

w 

17. The combination of any of claims 8 to 1 6, wherein the voltage source applies alternating voltages to the piezoelec- 
tric thin-film layers (1 , n; 1a, 2a; 1 b - 3b) in such a manner that vibrations of opposite phase are induced in adja- 
cent piezoelectric thin-film layers. 

75 18. The combination of any of claims 11 to 17, wherein the thickness t is equal to one half of the wave length of the first 
resonance wavelength of the thickness extension vibration mode. 

19. A method for exciting a piezoelectric resonator in a thickness extensional vibration mode, the piezoelectric resona- 
tor comprising a vibrator portion (10a; 20a; 30a) made up of n layers of piezoelectric thin-film (1, .... n; 1a, 2a; 1b - 

20 3b), n being an integer greater of equal to 2, each of the piezoelectric thin-film layers (1 , .... n; 1 a, 2a; 1 b - 3b) being 
separated by a respective insulating thin-film layer (12; 13; 14), the method comprising: 

applying alternating voltages to the piezoelectric thin film layers (1 , n; 1 a, 2a; 1b - 3b) in such a manner that 
the predominant vibration mode excited in the piezoelectric resonator is a higher-order vibration mode. 

25 

20. The method of claim 19, wherein the alternating voltages are independently applied to each of the piezoelectric 
thin-film layers (1, n; 1a, 2a; 1b -3b). 

21. The method of claim 19, wherein the higher-order vibration mode is the nth vibration mode. 

30 

22. The method of claim 21, wherein the distance d of the nth piezoelectric thin-film layer (1, n; 1a, 2a; 1b - 3b) from 
a first side of the vibrator portion is determined by the formula 

d = t(2m- 1)/2n 

35 

wherein t is the thickness of the vibrator portion (1 0a; 20a; 30a) and m is an integer less than or equal to n. 

23. The method of claim 22, wherein each of the piezoelectric thin-film layers (1, n; 1a, 2a; 1b - 3b) comprises a 
generally planar piezoelectric thin-film having electrodes (e1, e2) formed on opposite sides thereof. 

40 

24. The method of claim 23 wherein each of the piezoelectric thin-film layers (1 , n; 1a, 2a; 1b- 3b) and each of the 
insulating thin-film layers (12; 13; 14) are generally planar and extend parallel to one another. 

25. The method of claim 24, wherein the piezoelectric thin-films (1, .... n; 1a, 2a; 1b - 3b) and the insulating thin film 
45 layers (12; 13; 14) are made up of materials having temperature coefficients of the elastic constant whose sign is 

opposite to one another. 

26. The method of any of claims 1 9 to 25, wherein adjacent piezoelectric thin-film layers (1 , n; 1 a, 2a; 1b- 3b) are 
polarized in the same direction and alternating voltages of the opposite phase are applied to adjacent piezoelectric 

so thin-film layers (1, n; 1a, 2a; 1b - 3b). 

27. The method of any of claims 19 to 25, wherein adjacent piezoelectric thin-film layers (1, .... n; 1a, 2a; 1b - 3b) are 
polarized in opposite directions and alternating voltages of the same phase are applied to each of the piezoelectric 
thin-film layers (1, n; 1a, 2a; 1b -3b). 

55 

28. The method of any of claims 19 to 27, wherein alternating voltages are applied to the piezoelectric thin-film layers 
(1, .... n; 1a, 2a; 1b - 3b) in such a manner that vibrations of opposite phase are induced in adjacent piezoelectric 
thin-film layers (1, n; 1a, 2a; 1b -3b). 
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29. The method of any of claims 22 to 28, wherein the thickness t is equal to one half of the wave length of the first 
resonance wavelength of the thickness extension vibration mode. 

30. The piezoelectric vibrator according to any of claims 1 to 7, wherein the distance d of each piezoelectric thin-film 
5 layer (1 , .... n; la, 2a; lb - 3b) from the first side of the vibrator portion (10a; 20a; 30a) is measured at the center of 

the piezoelectric thin-film layer (1, n; 1a, 2a; 1b - 3b) in the thickness direction thereof. 

31. The combination of any of claims 11 to 18, wherein the distance d of each piezoelectric thin-film layer (1 , .... n; 1a, 
2a; 1b - 3b) from the first side of the vibrator portion (10a; 20a; 30a) is measured at the center of the piezoelectric 

10 thin -film layer (1, n; 1a, 2a; 1b - 3b) in the thickness direction thereof. 

32. The method of any of claims 20 to 29, wherein the distance d of each piezoelectric thin-film layer (1 , n; 1 a, 2a; 
1 b - 3b) from the first side of the vibrator portion (1 0a; 20a; 30a) is measured at the center of the piezoelectric thin- 
film layer (1 , n; 1a, 2a; 1b - 3b) in the thickness direction thereof. 

15 



20 



25 



30 



35 



40 



45 



50 



55 



9 



BNSDOCID <EP 1047 | > 



EP 1 047 189 A2 




BNSDOCID <EP 1C471&9A2 I > 



10 



EP 1 047 189 A2 



FIG. 3 



*T 



10a 



10 



12 



mm" 



n 



i 



el , 



1 



— 12 



j^-12 
2 



A X e2 X 



11 a 



12 
12 
11 



FIG. 4 



10a 




e2 el 



11 



EP 1 047 189 A2 



FIG. 5 




ONE 



TWO THREE FOUR 



FIVE 



NUMBER OF PIEZOELECTRIC THIN-FILMS 



BNSOOCID: <EP 10471&9A2 I - 



12 



EP 1 047 189 A2 




FIG. 7 



2 go 



LLJQchjO + 




20a 



2.5 7.5 
LOCATION IN THICKNESS DIRECTION 
OF PIEZOELECTRIC RESONATOR W 



FIG. 8 



90 



CD 
Q> 



uj _ 
to 0 
< 

X 
Q_ 



— 90 



200 



FIRST VIBRATION MODE 
SECOND VIBRATION MODE 



»« 
«» 
-J i 

•l 
»l 
•l 
» I 
•• 
• • 
« • 
« I 
» • 
« • 



300 



"Jon s6tt 



600 



700 



FREQUENCY (MHz] 



13 



'1NS0OCID '£P l0471ts',A2 I > 



EP 1 047 189 A2 



FIG. 9 



3/i m 

T 

4/3 Ann 



20a 2a 




3e2^el *T 



20 



ii^igfemt it 7.5 l0 " m 

2.5 \|/ y 



FIG. 10 



z2o 

oSoZ 0 

3^8 _ 

-Oil. 




FIG. 11 



LOCATION IN THICKNESS DIRECTION 
OF PIEZOELECTRIC RESONATOR fouri] 



90 



o> 

<D 
UJ 

8 

X 
CL 



90 



FIRST VIBRATION MODE 



•i 
*i 
•i 
• i 



* • 
« • 



SECOND VIBRATION MODE 



200 3~00 3075 5075 

FREQUENCY [MHz] 



600 



700 



14 



BNSOOCID <EP KM710&A2 I > 



EP 1 047 189 A2 




FIG. 13 



90 



LU 

X 
CL 



THIRD VIBRATION MODE 



H 
U 

r 

♦# 
•i 
u 

• ■ 
•« 

• i 

• i 
« i 
» * 

» • 

• % 



FIRST VIBRATION MODE 



SECOND VIBRATION MODE 



-90." 




200 



"500 30TT 



TOTT 



600 



700 



FREQUENCY [MHz] 



15 




Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(12) 
(88) 

(43) Date of publication A2: 

25.10.2000 Bulletin 2000/43 

(21) Application number: 00108101.7 

(22) Date of filing: 12.04.2000 

(84) Designated Contracting States: 

AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 
MC NL PT SE 

Designated Extension States: 
AL LT LV MK RO SI 

(30) Priority: 19.04.1999 JP 11129999 

(71) Applicant: Murata Manufacturing Co., Ltd. 
Nagaokakyo-shi Kyoto-fu 617-8555 (JP) 

(54) Piezoelectric resonator 



IllllllllllllllllBIIll 

11) EP 1 047 189 A3 



(72) Inventor: Shibata, Akihiko 

Nagaokakyo-shi, Kyoto-fu 617-8555 (JP) 

(74) Representative: Schoppe, Fritz, Dipl.-lng. 
Schoppe, Zimmermann & Stockeler 
Patentanwalte 
Postfach 71 08 67 
81458 Munchen (DE) 



EUROPEAN PATENT APPLICATION 

Date of publication A3: (51) | n t CI7: H03H 9/17 

19.09.2001 Bulletin 2001/38 



(57) A piezoelectric resonator using a thickness ex- 
tensional vibration mode, comprises a vibrator portion 
(10a) made up of two or more layers of piezoelectric 
thin-films (1, 2, .... n) where the piezoelectric thin-films 



(1 , 2, n) and a plurality of insulating thin films (12) are 
alternately laminated. An alternating voltage is inde- 
pendently applied to each layer of the piezoelectric thin- 
films (1, n) for a higher-order vibration mode to be 
dominantly excited. 



CO 
< 

CO 



FIG- 3 







10a 



10 



12 
— 12 



1 el i 



I 



7T s e 2 \ 



1^-12 

12 

~^11 



11a 



o 



111 



Printed by Jouvc 75001 PARtS (FRj 



BNSOOCID <EP 10471&&A-J 1 > 



EP 1 047 189 A3 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 00 10 8101 



Category' 



DOCUMENTS CONSIDERED TO BE RELEVANT 



s 



Citation of document with indication, where appropriate, 
of re lo vanl pa ssages 



US 4 456 850 A (IN0UE TAKESHI ET AL) 
26 June 1984 (1984-06-26) 

* column 4, line 67 - column 5, line 29; 
figure 5 * 

PATENT ABSTRACTS OF JAPAN 
vol. 012. no. 291 (E-644), 
9 August 1988 (1988-08-09) 
& JP 63 067910 A (FUJITSU LTD), 
26 March 1988 (1988-03-26) 

* abstract * 

US 3 590 287 A (BERLINC0URT DON A ET AL) 
29 June 1971 (1971-06-29) 

* column 2, line 52 - column 4, line 33 * 

* column 5, line 68 - column 6, line 50 * 

* figures * 

EP 0 771 070 A (MITSUBISHI ELECTRIC CORP) 
2 May 1997 (1997-05-02) 

* page 12, line 54 - page 13, line 41; 
figure 2 * 



Relevant 
to claim 



CLASSIFICATION OF THE 1 
APPLICATION (lntCt.7) 



1-4,7,8, H03H9/17 
19 



1-3,6,8, 
19 



1 , 5,6,8, 
19 



1-3,5 



TECHNICAL RELDS 
SEARCHED (lnt.CI.7) 



H03H 



The present search report has been drawn up for all claims 

Place c* search 

THE HAGUE 



ZA I 



G< >RYOF < IT ED DOCUMENTS 



Date of completion ol tre search 

27 July 2001 



L'iiamirtet 

D/L PINTA BALLE . . , L 



x pan Tula riy iptevam it taken ainne 

v : particularly lelevam A combined with another 

document of the same category 
A • lerhnclnQical background 
O : non wrrtten du.closu<o 
P . iniwrnpfediaie document 



I : theory or pr.ncipJe underlying the wivention 
f" : earlier patent document, hut publisher: on pi 

after the 1 1 lino oate 
D . document ciled in II to application 
I i-»mmer>T cried Inr ntnRr reasons 



1 riHMnlwi ol inetairie patent t'amil/, ccirros.fMj»vdir<j 
rjocumem 



BNSDOClD <EP 1047169A3 I > 



2 



EP 1 047 189 A3 



ANNEX TO THE EUROPEAN SEARCH REPORT 
ON EUROPEAN PATENT APPLICATION NO. 



EP 00 10 8101 



This annex lists the patent family members relating to the paient documents cited in the above-mentioned European seaich report. 
The members are as contained in the European Patent Office E DP file on 

The European Patent Office is in no way liable for these particulars which are merely given for the purpose of information. 

27-07-2001 



Patent document 
cited in search report 




! Publication ! 

date \ 

1 . .1 ... 




Patent family 
member(s) 


Publication 
dale 


US 4456850 


A 


26-06-1984 


JP 
JP 
JP 


1048694 B 
1563450 C 
58137317 A 


20-10-1989 
12-06-1990 
15-08-1983 


JP 63967910 


A 


26-03-1988 


NONE 






US 3590287 


A 


29-06-1971 


DE 
FR 
GB 


1591073 A 
1544950 A 
1207974 A 


06- 05-1970 

07- 10-1970 


EP 0771070 


A 


02-05-1997 


JP 
CA 
KR 


9130200 A 
2163033 A 
225815 B 


16-05-1997 
25-05-1996 
15-10-1999 



^ Fo' met* details aboi>! this ar.ne:< ■ see Official Journal of the Hirnpean r*atftn: Office. Uc\ 1?/R? 



BNSDOCID <EP 1G47169A3 I > 



3 



10^ 



